Electron transport through short, phase-coherent metal-graphene-metal devices occurs via resonant transmission through particle-in-a-box-like states defined by the atomically-sharp metal leads. we study the spectrum of particle-ina-box states for single-and bi-layer graphene, corresponding to massless and 
The problem of a wavelike particle confined to a hard-walled box is one of the most basic problems in quantum mechanics. The spectra of the particle-in-abox are strikingly different for massive and massless particles: massless particles (e.g. photons) have energies which depend linearly on quantum number, while the energies of massive particles (e.g. free electrons) depend quadratically on quantum number. For Fermions in two dimensions (2d) this leads to a density of single-particle states D ≡ dn/dE, where E is the particle energy and n the particle density, which varies as the square root of particle density, i.e. D(n) ~ n 1/2 , for massless particles, and is independent of particle density for massive particles, , and the effective mass m* = 0.032 m e , where m e is the electron mass, for massive particles in bilayer graphene 4, 10 in excellent agreement with theoretical expectations 5, 10, 13, 21, 22 and other experimental results 2, 3, 19, 20, 23 .
We first review the results of the two-dimension particle-in-a-box problem.
Figs. 1A and 1B, illustrate the massless and massive dispersion relations respectively:
where ħ = h/2π, and h is Planck's constant; each dispersion relation is characterized by a single parameter, m* for the massive dispersion, and v F for the massless dispersion. For particles confined to a 2-dimensional box of width W and length L the hard-wall boundary condition quantizes the wavevector 
(3b) Thus the measurement of D as a function of n distinguishes massive and massless particles, and (given knowledge of the degeneracy g) also determines the constants of the dispersion relations v F and m*.
Single-and bi-layer graphene may be used to realize the dispersion relations in Equations 3a and 3b as follows. Single-layer graphene is welldescribed by a tight-binding model considering only the π-orbitals at each atomic site. At zero doping, the π and π* bands meet at two points in the Brillouin zone with wavevector K. This crossing is preserved as long as the two atoms A and B in the unit cell are equivalent. Taking E(K) = 0, and measuring k away from the K point, the band structure is well-approximated by Eqn. 1a, with We now discuss the graphene samples used in this study. We mechanically exfoliate Kish graphite on 300nm SiO 2 /Si substrates to obtain single and bilayer graphene 2, 3, 4 . Single layer graphene is more transparent than two or more layer graphene under optical microscope as seen in We now discuss the detailed dependence of the density of states on particle number in single-and bi-layer graphene, and the implications of the results for understanding the electronic structure of these materials. From the fit to Eqn. 3a in Figure 4 , we determine a Fermi velocity for single-layer graphene of , in agreement with theoretical 16 and experimental expectations 8, 17 for the minimum charge density at the Dirac point in the presence of charged impurity disorder due to the SiO 2 substrate.
We now discuss bilayer graphene. From the fit to Eqn. 3b in Figure 4 , we determine m * = 0.032m e . Assuming v F = 1.09 x10 6 m/s we have γ 1 = 0.40 eV, in excellent agreement with the experimental values for graphite of 0.39 ± 0.01 eV 18 and with other experiments on bilayer graphene 19, 20 . Because the bands are not strictly parabolic, the density of states should depend on particle density, increasing with increasing particle density. The hyperbolic nature of the bands becomes important for particle densities roughly greater than γ 1 2 /(4πħ . Experimentally, we see little variation in the density of states for particle densities up to 6 x 10 12 cm -2
, indicating a wider range of validity of the parabolic spectrum than expected. We do not currently understand this discrepancy, but we note that electron-electron interactions should again be important, as was pointed out previously in the failure of the single-particle picture to quantitatively explain the cyclotron resonance spectrum in bilayer graphene 20 .
In conclusion, we have probed the density of particle-in-a-box states as a function of particle number for massless 2d Fermions (single-layer graphene) and massive 2d Fermions (bi-layer graphene) in phase-coherent measurement.
Understanding of coherent transport is an essential step to realize other interesting experiments in graphene such as focusing lens, klein tunneling and graphene superlattice 25, 26, 27, 28 . The density of states varies as the square-root of particle number for massless 2d Fermions, and is constant for massive 2d
Fermions. The single parameters in the dispersion relations are extracted; the 
